We demonstrate a high yield production scheme to fabricate sub-10 nm co-planar metal-insulator-metal junctions without using electron beam lithography. The fabricating procedure contains two photolithographys followed by shadow evaporation. Ultrasmall gaps were formed in the crossing region of the two metal layers during the evaporation of the second layer. The sizes of the gaps were estimated using scanning electron microscopy images. Poly (3-hexylthiophene-2,5-diyl) layers were deposited on the junctions using a special ink-jet technique. The results of the conductivity measurement of the molecular layer indicate that these junctions can be used in the study of molecular sensors.
I. INTRODUCTION
Molecules were proposed for use as active electrical devices as early as 1974, when Aviram and Ratner theoretically demonstrated that uinimolecular rectification, or an asymmetrical electrical property, should be obtained for a single molecule [1] . Because organic molecules are one of the smallest functional materials and can be massproduced as Avogadro constant order with molecular synthesis techniques, molecular devices have attracted attention as minute and low-price devices.
Recently, the miniaturization limits of fabrications are approaching the molecular size. Narrow gap electrodes have found wide acceptance in the study of the electrical properties of molecules [2] [3] . Meanwhile, a variety of techniques for narrow gap junction fabrication have already been demonstrated. One of the most popular techniques is electron beam lithography (EBL) [4] [5] [6] [7] [8] [9] . Commercial EBL systems have the ability to focus electrons to diameters less than 10 nm, enabling the fabrication of structures at the nanometer level. However, because the EBL is highly cost-and-time-consuming, procedures that do not use EBL are preferred for industrialization. Other techniques applicable to nano-fabrication include electromigration [10] , shadow evaporation [11] , mechanical break junction [3] , and electroplating [12] . In these techniques, the gaps were fabricated without EBL. However, all the above techniques require nano-scale prestructures fabricated by EBL. No fabrication process that re- * Corresponding author: W.Mizutani@aist.go.jp quires preparation without using EBL while using only µm order patterning has been reported as far as we know.
In this communication, we demonstrate a high yield production scheme to fabricate sub-10 nm co-planar metal-insulator-metal junctions without using EBL. The fabricating procedure contains two photolithographys followed by shadow evaporation and does not contain any EBL process. Figure 1 shows a schematic representation of the nanogap electrodes. Ultrasmall gaps are formed in the crossing region of the two metal deposited layers during the evaporation of the second layer. The sizes of the ultrasmall gap can be controlled by the height of the first metal layer and the angles of the two evaporations. With this method, we could make metal electrodes with intervals ranging from 5 to 60 nm. The fabricated gaps showed very high resistance of ∼TΩ. While with molecules connecting the electrodes over the gap, we observed characteristic conductance reflecting the molecular properties. Poly (3-hexylthiophene-2,5-diyl) layers were deposited on the electrodes using a special ink-jet technique. The measured resistance of the molecular layer was clearly changed with the gap sizes. We considered that the change reflects the characteristic behavior of the nano-scale systems. The results indicate that these junctions can be used in the study of molecular devices. Figure 2 shows a schematic diagram of the fabrication process. A 1000-nm thick uniform film of resist material (AZ5214E, Clariant Japan) was spun on SiO 2 (300 nm)/Si wafers. They were patterned by conventional photolithography. After the first patterning, the first metal layer (2 nm Cr and 25-60 nm Au) was deposited with an angle θ 1 from the substrate surface (Figure 2 (a) ). After liftoff, the second lithography process was performed with a mask of slits orthogonal to the slit on the first layer (Figure 2(b) ). The width of the second slit is 2 µm, which is the minimum line width of our photolithography. The second metal layer (2 nm Cr and 20 nm Au) was deposited with an angle θ 2 from the opposite side of the first deposition (Figure 2(c) ). Because the height of the first strip prevented the formation of a continuous second strip at θ 1 < θ 2 , a narrow gap was formed between the two strips. These angles of the step edges almost agree with the angle of evaporation. We adopted the condition of both angles (θ 1 , θ 2 ) to be less than 90 degree. The reason for using θ 1 < 90
II. ELECTRODE PROCESSING
• for the angle θ 1 is that a flat and sharp step wall of the first metal strip is necessary for generating a constant width gap along the µm length. When we evaporate the first layer at θ 1 =90 degrees, we cannot avoid the part where the evaporation angle exceeds 90 degrees, because evaporation sources have a finite distribution. The evaporation at over 90 degrees produces a protruding part along the sidewalls of the photo-resist. This protrusion prevents the formation of a constant gap width. The gap-size G can be controlled by the thickness of the first layer H and the edge angle of the two strips θ 1 and θ 2 . If we neglect the migration of metal atoms, the gap-width can be estimated as follows:
After lift-off, the electrodes were cleaned in oxygen plasma before imaging by scanning electron microscopy (SEM) in order to estimate the small gap width. An estimation of the leak current was then carried out on a probe station. 
III. RESULTS
Figure 3 (a) shows representative SEM images of the fabricated electrodes of G = 20 nm (H = 50 nm, θ 1 = 60
• , and θ 2 = 45
• ). The metal strips A and B were deposited during the first evaporation and metal strip C was deposited during the second evaporation. Figure 3 (b) shows a magnified image at the rectangular mark in Figure (a) . A small gap was observed at the intersection of metal strips A and C. The yield of the 20-nm gaps is over 90%. Figure 3 (c) shows an image of the 10-nm gap electrodes (H = 40 nm, θ 1 = 75
• , and θ 2 = 60 • ). Under this condition, we observed several points showing narrower intervals than the value expected from equation (1) along the edges. We considered that a migration of metal or an uneven edge of the first metal strip caused such narrower intervals. The yields of the 10-nm and 5-nm gaps (H = 25 nm, θ 1 = 75
• , and θ 2 = 60 • ) were about 55% and 20%, respectively. Most of the remaining electrodes showed a short-circuit (under 10
3 Ω order). Because the short-circuit might be caused by bridging metal atoms between the intervals, the migration and the uneven edges are a serious problem for the fabrication of sub10-nm gap electrodes. However, such bridges are only small parts of the entire gap. The short-circuit points are easily removed using an electromigration method [10] . The final yields of the sub 10-nm gap fabrication are improved to over 80% by the combination of the electromigration and our procedure. With our fabrication procedure, we made metal electrodes with gaps ranging from 5 to 60 nm with a high reproduction.
Next, we demonstrated an application of the fabricated electrodes. Poly (3-hexylthiophene-2, 5-diyl) layers were deposited using a special ink-jet technique on three electrodes with G = 10, 20, and 60 nm. Figure 4 (a) shows an SEM image of the molecular layer on the fabricated electrodes. The thickness of the molecular layer was about 150 nm, which was measured using atomic force microscopy. Figure 4 (b) shows the representative I-V characteristics of the molecular layer on the three gap electrodes. The I-V measurements were carried out in air and in the dark at room temperature with the voltage applied between electrode 1 and electrode 2. The molecular layers were supposed to be doped with oxygen. The resistances of the bare gap electrodes were over 10 TΩ. After the deposition of the molecular layers, the measured resistances were 5 kΩ, 280 kΩ, and 200 MΩ for the 10-nm, 20-nm, and 60-nm gap electrodes, respectively. The resistivity of the molecular layer on the 60-nm gap electrodes was on the order of 10 to the gap size. However, the resistances of the gaps of nearly molecular length are clearly lower than the value expected from the scale change. We conjectured that the deposited molecular layers were amorphous consisting of small domains of ordered molecules. When the small domains directly bridge between gaps, the resistances should become lower than that of the amorphous molecular layer, which may be dominated by the inter-domain resistances. The low resistances observed for the 10-nm and 20-nm gap electrodes might be caused by the direct bridging of the small domains. Such details are now under investigation, but we considered that the result is a characteristic behavior of nano-scale systems.
IV. CONCLUSION
In conclusion, we have developed a high yield production scheme to fabricate sub-10-nm co-planar metalinsulator-metal junctions. Our fabrication procedure contains two photolithographys followed by shadow evaporation. Electron beam lithography was not needed in our procedure. Ultrasmall gaps were formed in the crossing region of two metal layers during the evaporation of the second layer. The yields of the sub 10-nm gaps are improved to over 80% by the combination of this procedure and electromigration. Poly (3-hexylthiophene-2,5-diyl) layers were deposited on the junctions using a special inkjet technique. The measured resistances of the molecular layers were lower than the values expected from the bulk property. The results of the conductivity measurements of the molecular layer indicate that these junctions can be used in the study of molecular sensors.
